Fiber Properties 


Introduction 


m opticalattenuation 
m fiberdispersion, 
m the effects of fiber nonlineanties. 


Fiber Lo sses 


=» The powerin the optical signal in a fiber dec ea SS exponentially with 
distance. 


m P(z)isthe powerata position z from the origin, P(0) isthe powerin the fiber 
at the origin, 


= and a, isthe fiber attenuation coefficient (in units of mi, m-, or Emi). 


pasro -O 


10 Piz) ca 
* = o log ( PI 3) . decibels per kilometer (dB/km). 


e the attenuation factordepends 
greatly on the fiber material and 
the manufacturing tolerances 


Losses 
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Example: An optical fiber has losses of 0.6 dB/km at 1300 nm. If 100 „W of power is 
injected into the fiber at the transmitter, how much will the power be at a distance of 22 
km down the fiber? 


x : P(dBm) 10 log ( ped 
P(dBm) = 101og mm A 


1 x 1073 


The output power is reduced by 0.6 dB/km times the distance of 22 km (— 0.6 x 22 — 13.2 
dB). Subtracting the losses, we have 


100 x in? = 


Pout(dBm) = Pin (dBm) — losses(dB) = —10 — 13.2 = —23.2 dBm. 


Pout = 10 23.2/10 = 4.78 x 1073 mW = 4.78 A 


\ 


Fiber losses are due to several effects 


material absorptions, 
impurity absorptions 
scattering effects 


interface inhomogeneities 


radiation from bends 


Matenal Absorptions 


m que to the molecules of the basic fiber material 
m can be overcome only by changing the fiber material 


= impurity lons 


Scattering Losses 


m Scattering losses occur when a wave interacts with a particle in a way that removes 
energy in the directional propagating wave and transfers it to other directions. 


m Linear Scattering 


» Rayleigh scattering: light interacting with inhomogeneities in the medium that are much smaller 
than the wavelength of the light (minute changesin the refractive index of the glassat some 
locations) 


is scattering strength is proportional to 1/44 


Mie scattering: occurs at inhomogeneities that are comparable in size to a wavelength 
m core-cladding refractive index variations 
m impuntiesat the core-cladding interface 
m strains or bubbles in the fiber 


= diameter fluctuations 


Losses 
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=» Nonlinear Scattering 
m High values of electric field within the fiber 
» Brillouin scattering: modulation of the light by the thermal energy in the material. 
m The scattered light is found to be frequency modulated by the thermal energy, 
æ is mainly in the backward direction toward the source 


» Raman scattering: the nonlinear interaction producesa high-frequency phonon 
and scattered photon 


Macrobending and Microbending 
Losses 


Sow 


Bend Losses: Multinode aml Single- 


Mode Fibers 
Fom me eg benda? (Ybends — ce © 
Fin 


3n2A 
Tcritical & - 7 


47 (NA)? 


Example: (a) Calculate the critical radius of curvature for a multimode 50/125 fiber with 
an NA of 0.2 operating at 850 nm. 


We will assume a value of na = 1.48. 


< 3n2A | 3(1.48)(850 x 107°) _ 
Teritical ~ 4x (NA)? ~ 4n (0.2) = 37.5 um 
(b) For a 9/125 single-mode fiber with an NA of 0.08 operating at 1300 nm? 


3n2A _ 3(1.48)(1300 x 1079) 


INA 4r (0.08)? lü zl 


Teritical I 


Dispersion 


m material dispersion 
m waveguide dispersion 
=» modaldelay (dispersion) 


m material dispersion and waveguide dispersion are caused by the 
dependence ofthe index of refraction of glasson wavelength and are 
named chromatic dispersion 


Pulse 
amplitude 


AN pulses 


(a) 
Output a 


Distance along fiber 


Modal Dispersion 


m |tiscaused by the different path lengths associated with each of the 
modesofa fiber, aswell asthe differing propagation coefficients 
associated with each mode 


Modal Dispersion I: Step-Index Fiber 


LAm 


An approximation Armoda X 


Example: Consider a 50/125 step-index fiber with nı = 1.47 and A = 1.5%. Calculate 
the group delay (or modal dispersion) in units of ns- Km. for this fiber at an operating 
wavelength of 850 nm. 
ATmoda |, Anı _ (0.015)(1.47) 
L „  3x108 
= T735x10 "s.m = 73.5 ns. km 


Alternative solution: We can use the more exact formula, 


modet _ mon) (1- 7) 
L V 


c 
ni — na Ani 7 (0.015)(1.47) x 2.21 x 107? 
Mb ERI nat! DAT) V = Ta VIA 
—6 
m e (1.47) ( 2(0.015)) ~ 47.1 
Armed! (. n na) =) |. (2.21 x 107?) ( T ) äi E m 
L ali imi. = TI NESH l- 771 = 6.87 x 107 s. m = 68.7 ns. km 


m Knowing the pulse spread At, bandwidth can be found as: 
1 


BRmax = 4ATmodal 


Modal Dispersion: Graded-Index Fiber 


9 — Jopt)L 
ny AM — dor) (g del g # Iopt 12A 
ATmodal Ri ni A?L Jopt ui ES 
2c I opt 


We observe that ATmodal can be positive or negative depending on the size of g relative to gopt. 


For negative ATmodal, the interpretation is that the higher-order modes are arriving before the 
lower-order modes. 


n(r) -n14/1—2A (=) 


Example: Consider a graded-index fiber with A = 2% and gopt = 2.0. If g = 95% of gopt, 
calculate the ratio of Atmodailg=gope tO ATmodallg#gopt - 


Solution: We have g = 0.95gopt = 0.95(2.0) = 1.90, so 


ni A2 — opt 
ATmodallg#gopt — (g T 2)c — 2(9 — Jopt) 
ATmodal|g=gopt niA?L A(g+2) 
2c 
(2)(1.90 — 2) 


Example: (a) Calculate the ratio of the modal delay per km in a 50/125 graded-index fiber 
with n; = 1.46, A = 1.596, and g = gopt = 2 to the modal delay in a step-index fiber of the 
same size with the same ni and A. 


Solution: The time delays are given by 


ni AT(GI) lo gopt ET a 


L 2c 
Ar(SI) mA 
£ ct 
Taking the ratio, 
(GD) mA 
AT I 9—9opt _ 2c M A _ 0.015 _ 


(b) Consider the same question if the graded-index fiber is not optimized. Let g = 2.1 and 
Jopt = 2.0. 


niA(g — Gopt) 


Ar(GDlozsop _ (9+2)c__ _ g geg: 
AT(SI) mA (g + 2) 
c 
En. 


4.1 


Matenal Dispersion 


m Caused by the index of 
refraction asit dependson 
wavelength 
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Example: Derive the expression for the material dispersion in a fiber. 


Solution: The arrival time r of light after traversing a length L of fiber is 


T=L/vg, 
where vg is the group velocity of the fiber, given by 
1 
Vg = dB E 
du 
We have, then, 9 
|: dB „ dB di 
imc m Y" 


Since A = c/v = 2nc/w, we find 


di 27c 1 2c À 


do wd ww ww 
Substituting Eq. 3.28 into Eq. 3.27, we obtain 
2 
r= 188 (-2) = LA dB LA* dB 


w w dÀ Ze dx 


We know that 3 = 2rn(A)/A, so 


r = LX d8 
i 2mc di 
_ IX [ mn | dan! 
~ me A2 A 
- L 7 | (A) 
= LEA = +E [n (A) A — ; 


The pulse spread Ar due to a source linewidth of AA is 


Ar dr L [dn() ,fm dn] _ Ladin 
Ax di cl di d? d& c dd?" 
Multiplying by AA, we find the desired expression for the material dispersion, 


Ar = LADA Pn _ LA (ein 
c dX c À dA? 
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Example: Consider the material dispersion in a 62.5/125 fiber with nı = 1.48 and A = 1.596. 


(a) Calculate the material dispersion in normalized units of ps. Km. nm at 850 nm. 


Solution: The pulse spreading is 


The normalized delay is 


From Fig. 3.8, we see that A?d?n1/dA? is approximately 0.022 at A = 850 nm; hence, 


A Toni _ 1 „den _ 1 
LAX C (a De) ~ (8.0 x 108)(850 x 10-9) (0.022) 
—8.63 x 1075 s. m^! m = —86.3 ps km! nm. 


\\ 


(b) .. . at 1500 nm? 
Solution: From Fig. 3.8, we estimate that A?d?n,/dA? ~ —0.007, so 


2 
Arme 4 (n l —  (-007 
LA AN d (3.0 x 108)(1500 x 10-9) 


+1.55 x 107° s.m 1 - m^! = +15.5 ps:km - nm 


Waveguide Dispersion 


m Forthe low material-dispersion region near 1.27 um, waveguide dispersion 
becomes important. 


m isnegligible in multimode fibers and in single-mode fibers operated at 
wavelengths below 1 um, 


æ itisnot negligible for single-mode fibers operated in the vicinity of 1.27 um. 


m results from the propagation constant of a mode (and, hence, its velocity) 
being a function of /A. 


dk: B is the mode's propagation coefficient and k = 27/A 


We again define the normalized propagation constant b as 


„ EI) — 2 
n? n2 


An approximation for b is 


(8/k) — n2 


— — 


nı — N? 


thereby giving 
B S nok (bA + 1). 


Here b is a function of V (and of k) 


È d(kb) 
ug © 5 (n + NA dk ) 
V = kan; V2A, 
„zZ d(Vb) nA L d(Vb 
wc (na kV ) Tug A) © n 


Plot of b, d(Vb)/dV, and V d?(Vb)/dV? vs. V for the lowest-order fiber mode. 
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Fiber parameter, V Fiber parameter, V 


Since V = Zan, V2A, we can show that dV/dA = —V/A. 


normalized propagation constant, b, 


p? 
b u? (5) - 
% = loya med. 


B = kymic(ni- ni) 


p? 
pg 2 — — N2 


b= z N 
n? — n2 ni — n2 


kv) = — 


(1+ v2) 


V1+(4+V4) 


| 


V a, drag = n2LA AA (Vb) 
À dV c A dV? 


|. ( (1+v2)? 
are = 1 (A) 


V = 2ranıv2A, 


Example: Calculate the waveguide dispersion in units of ps-km `!.nm `! for a 9/125 single- 
mode fiber with nı = 1.48 and A = 0.22% operating at 1300 nm. 


Solution: We begin by calculating V from Eq. 2.9 on page 15, 


2a 23 (4.5 x 107°) 
V 2 = 71800 x 10-9 


(We note that V falls within the expected range of 2.0 < V < 2.405 for single-mode fiber.) 
From Fig. 3.10, we find V d?(Vb)/dV? x 0.480 at V = 2.14. 


We also have na = ni(1— A) = 1.48(1 — 0.0022) = 1.477, so 


ee - - (85) (2) C - 


(1.48) /2(0.0022) = 2.14. (3.52) 


= — ( (147700022) 1 
| 3 x 108 ) (aortas) (0.48) 


—4.00 x 10 * = —4.00 ps km nm 


Total Dispersion: Single-Mode Fiber 
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To minimize the total dispersion of a single-mode fiber, it is necessary to 
operate ata wavelength longerthan 1.27 um to allow the small positive 
material dispersion to cancel the small negative waveguide dispersion. 


This zero dispersion point occurs near 1300 nm, a wavelength that, 
fortunately, hasa fairly low attenuation (although not aslow asthe 
attenuation minimum at 1550 nm) 


waveguide dispersion hasbeen found to be sensitive to the doping levels 
aswell asthe values of ^ and a. 


For various combinations of A and a, and fortnangular and other profiles 
zero dispersion at wavelengths between 1300 and 1700 nm are possible 


Dispersion-Adjusted Single-Mode Fibers 


m lowestlossesoccurata 1500 nm wavelength 
m lowest total dispersion occurs (in a step-index single-mode fiber) at 1300 nm 


=» The two featurescan be combined using dispersion shifting or move the 
zero-dispersion wavelength to 1550 nm (lowest loss wavelength) 


Dispersion-Shifted Fibers 


m material dispersion of silica can be adjusted in small amounts by doping the 
core 


m waveguide dispersion dependson the fiber-core radius, A 


Dispersion-Shifted Multi-Index Fibers 
More complicated 


W-profile fibers: 
(a) step-index, (b) triangular profile 


Total Dispersion 


1 
af 2 2 2 

- Attotal m rui + Atehromatic) 

0.35 

At 


total 


» BW (Hz) = 


Example 


A 2-km-length multimode fiber has a modal dispersion of 1ns/km and a chromatic dispersion of 100ps/ 
km.nm. It is used with an LED of linewidth 40 nm. (a) What is the total dispersion? (b) Calculate the 
bandwidth (BW) of the fiber. 


At = 2km x 1ns/km = 2ms 


modal 


= (2km) x (100 ps/kmnm) x (40 nm) 
= 8000 ps = 8ns 


al 


= ([2ns] + [8ns] ) = 8.25ns 


total 


ND 
At | 825ms | » 


total 


pressed in terms of the product (BW. km), we get (BW.km) — (42.4 MHz)( 2 km) z 85 MHz.km. 


BW 


Example 


A 50-km single-mode fiber has a material dispersion of 10ps/km.nm and a waveguide dispersion of —5ps/km.nm. It is 
used with a laser source of linewidth 0.1 nm. (a) What is At ? (b) What is At, „? (c) Calculate the bandwidth (BW) of 


the fiber. 


chromatic 


At = 10ps/km.nm - 5ps/km nm = 5ps/km.nm 


chromatic 


For 50 kmyof fiber at a line width of 0.1 nm, At is 


t (90km) x (Sps/km.nm) x (0.1nm) = 25ps 

(b BW = 0.35/At = 0.35/25 ps = 14GHz 

Expressed in terms of the product (BW. km), we get 

(BV. m) = (14 GHz)(50 km) = 700 GHz. km 


short, the fiber in this example could be operated at a data rate as high as 700 GHz over a one-kilometer distance. 


